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Abstract 
Yellowstone National Park (YNP) is a unique area for study due 
to the broad range of geologic and geomorphic agents that have 
sculpted this terrain over time. This research employed a 
multibeam echosounder (MBES) in Lewis Lake and Yellowstone Lake, 
in August 2011, to describe and interpret the geologic and 
geomorphic processes that have shaped Lewis Lake, as well as 
enhance our understanding of selected hydrothermally-active 
areas within Yellowstone Lake.  
Since the eruption that formed the present day caldera 640,000 
years ago, dozens of smaller eruptions of differing compositions 
have occurred. The first-ever bathymetric and acoustic 
backscatter map of Lewis Lake shows that the lake morphology has 
been shaped by at least four separate volcanic events.  These 
include tuff, rhyolitic and pyroclastic flows that have altered 
the hydrothermal plumbing of the lake bed.  Using this data, a 
timeline for the evolution of Lewis Lake has been constructed 
that allows the geology of the lake floor to be integrated into 
existing ‘onshore’ outcrop studies. MBES mapping was also used 
to examine three areas hydrothermally active areas of 
Yellowstone Lake: the Inflated Plain, Elliot’s Crater, and the 
Stephenson Island depression chain. These surveys yielded high-
resolution bathymetric maps.  Additionally, acoustic returns 
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from the water column were used to determine the location of 
active degassing areas, as well as rates of gas discharge from a 
hydrothermal crater in the Inflated Plain, Yellowstone Lake.  
Using the acoustic returns in the water column, a rate of 0.72-
726.6 g m
-2
 day
-1
 was calculated to be erupting from this 
individual sub-aqueous crater.  These rates are consistent with 
gas discharge directly measured in other hydrothermal vents 
around the world.   These results have shown the potential for 
MBES technology not only to produce high-resolution bathymetric 
maps, but also aid in geologic mapping as well as geohazard 
evaluation in subaqueous hydrothermal environments. 
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CHAPTER 1 
INTRODUCTION 
1.1. Background 
 The shape of the Earth’s surface is a result of a complex 
interplay between processes which erode and/or build the 
landscape (Phillips, 2004).  These processes occur as a result 
of the Earth’s tendency to “move away from the aspect of 
uniformity” (Scheidegger, 1983).  Such agents of geomorphic 
change come in the form of many processes on the continental 
scale, including eolian, water, volcanic, tectonic, and glacial 
processes (King, 1982; Dietrich, 1987; Thouret, 1999; Baas, 
2007).  These processes have also been significantly altered by 
anthropomorphic activities (Chambers, 1993; Niccoll, 2004; 
Gregory, 2006). 
Volcanic processes are perhaps the most complex geomorphic 
agents as they both erode and create new land simultaneously 
within an individual catchment (Thouret, 1999).  Volcanic 
landforms include large monogenetic (single event) flows as well 
as polygenetic flows (more than one generation of volcanic 
flows), large shields and domes, large erosional channels and 
ravines, as well as large post-eruption denudation features 
(Cotton, 1944; Macdonald, 1972; Ollier, 1988; Francis, 1993).  
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Simultaneous to these volcanic processes, volcanic eruptions 
also change surrounding fluvial, alluvial, and limnological 
processes (Pain and Ollier, 1995; Ollier, 1995).   
 Within Yellowstone National Park, no geomorphic agent is 
more evident than the volcanic eruptions which have shaped the 
landscape (Cottrell, 1987).  Magma located several miles 
underground is responsible for fueling Yellowstone’s 300 geysers 
and thousands of other geothermal features (Marler, 1973), which 
account for nearly 75% of the world’s geysers and more than half 
of the geothermal features on Earth (Watts et al., 2012).  These 
geothermal features actively deposit siliceous materials from 
dissolved silica and rhyolite as super-heated water within the 
geyser’s plumbing travels upward from depths several hundred 
feet underground (Bryan, 2008).  These volcanic processes have 
led to abundant seismic activity and deformation of the crust 
around the Yellowstone Caldera in the modern.  Along with this 
deformation are the flux of high amounts of CO2 and other trace 
gasses, carrying with it signal of the volcanic activity 
occurring beneath Yellowstone National Park (Lowenstern and 
Hurwitz, 2008). 
Glacial advances and retreats have occurred several times 
during the Pleistocene, most notably the Bull Lake Glaciation 
136,000 years ago and the Pinedale Glacial Period 18,000 years 
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ago (Liccardi and Pierce, 2008).  During the Pinedale 
Glaciation, Yellowstone National Park was covered by a nearly 
1,200 meter thick ice cap (Richmond and Fullerton, 1986).  These 
glaciations have been exacerbated by volcanic activity which has 
uplifted Yellowstone National Park above the surrounding 
landscape, leading to increased glaciation and snowfall (Pierce 
et al 2007).  During this period, glacial ice sheets advanced 
and subsequently retreated, scouring out the modern landscape 
(Pierce, 2004). 
This thesis will focus on Lewis and Yellowstone Lakes, 
Yellowstone National Park.  Past work in Yellowstone Lake by 
Morgan et al. (2003, 2007) and Cuhel et al. (2005), has shown 
the general size and location of the volcanic, geothermal and 
structural features within the lake.  Outcrop work by Taylor et 
al. (1989) and Christiansen (2001) has also mapped the extent, 
location, and ages of volcanic eruptions in the park and will be 
used herein in discussion of both geologic mapping and 
hydrothermal observations. 
1.2. Motivation 
The processes outlined in 1.1 actively erode and deposit 
sediments and change the landscapes of Yellowstone National Park 
(Graf, 1970; Barnosky and Labar, 1989; Finn and Morgan, 2002; 
Persico and Meyer, 2009).  Thus surveys of the geomorphology of 
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Yellowstone Lake and Lewis Lake can help understand both 
historical events as well as current activity within the park.  
The importance of understanding the largest volcano on the 
planet is vital to understand both the changes that occur as a 
result of large eruptions as well as the current dynamics of 
this large caldera.   
The Yellowstone Hotspot retains the potential for violent 
events including magmatic, hydrothermal and tectonic activity 
(Christiansen, 1984).  Although it is unknown when the next 
volcanic event will occur in Yellowstone National Park, these 
events could affect continental-wide areas in extremely violent 
cases (Christiansen et al. 2007).  Even localized events, such 
as earthquakes, hydrothermal explosions, and large-scale 
flooding related to overflowing lakes, could have far reaching 
regional implications and may occur on a much more frequent time 
scale (Figure 1.1; Christiansen et al. 2007).  Although most 
attention has been paid to the potential for large caldera-
forming super eruptions, hydrothermal explosion events and other 
smaller events pose a risk to park visitors and to those living 
in the Yellowstone National Park region.  Improved mapping to 
understand the extent of previous events, as well as a better 
insight into modern processes, is needed to comprehend future 
potential risks of the Yellowstone caldera.  
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Figure 1.1: Schematic frequency chart of potentially hazardous events within 
Yellowstone National Park.  Modified from Lowenstern et al (2005). 
One of the best tools available for mapping both 
hydrothermal features, as well as past volcanic events, within 
the lakes of Yellowstone is through using multibeam 
echosounding.  This technology, coupled with previous work in 
Yellowstone National Park, will be used herein to: 
1. Create geomorphic descriptions of Lewis Lake along with 
descriptions of the geologic processes that led to the 
formation of Lewis Lake.  
2. Create geomorphic and geologic descriptions of the Inflated 
Plain section of Yellowstone Lake.  
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3. Make quantitative measurements of active gas plumes in 
Yellowstone Lake.  By allowing a simple estimate of gas 
discharge, a tool may be developed that could be used in 
future studies to monitor large geothermal features within 
the lake. 
4. Create geomorphic and geologic descriptions of the Elliot’s 
Crater section of Yellowstone Lake.  
5. Create geomorphic and geologic descriptions of the 
Stevenson Island depression chain of Yellowstone Lake.  
These efforts aim to yield a better understanding of the 
morphology of these complex lakes, as well as give insight to 
possible new methods of geohazard mapping in Yellowstone 
National Park. 
1.3. Thesis Structure 
 The preceding text has provided a brief introduction to the 
Yellowstone National Park field site, and the general geomorphic 
processes that have shaped the region.  Chapter 2 describes the 
geologic history of the Yellowstone Hotspot, from its migration 
across North America to modern glacial processes that have 
shaped the current volcanic caldera.  Chapter 3 outlines the 
theory behind multibeam bathymetric surveying, and describes the 
data collection and cleaning methods used.  These descriptions 
of the geologic history and surveying techniques will put into 
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context the geomorphic and geologic interpretations made in 
chapters 4-8.  Chapter 4 describes the bathymetric features 
present on the bed of Lewis Lake as revealed by multibeam 
mapping, which will then be used to make geomorphic and geologic 
interpretations, allowing derivation of broad interpretative 
maps and a timeline of lake bed evolution.  Chapter 5 then 
details the bathymetric features found in the Inflated Plain 
region of Yellowstone Lake, and permits a comparison between the 
geomorphic features found here and those in Lewis Lake.  Active 
hydrothermal vents in this area, which have also been observed 
in previous studies, are examined and quantified using the newly 
collected multibeam data.  Chapters 6 and 7 describe bathymetric 
features in the Elliot’s Crater and the Stephenson Island 
depression chain of Yellowstone Lake, respectively, together 
with an interpretation of these features.  Chapter 8 provides 
conclusions from the study, discusses the potential of multibeam 
echosounding in geohazard evaluation, and outlines potential 
future work in the Yellowstone National Park area. 
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CHAPTER 2 
 THE GEOLOGIC HISTORY OF YELLOWSTONE NATIONAL 
PARK 
2.1. Background 
 Yellowstone National Park has been uniquely shaped by 
volcanic, glacial, fluvial and tectonic processes.  Yellowstone 
National Park marks the modern day location of the 800 km long 
path of the Yellowstone hotspot, called the Snake River Plain 
(Figure 2.1).  South-west motion of the North American plate 
over the stationary Yellowstone Hotspot has created the 
northeast trending Snake River Plain (Figure 2.1), which is 
characterized by basaltic and silicic volcanic rocks (Smith and 
Braille, 1994).  Eruptions along the Snake River Plain have 
deposited a total volume of volcanic material of ~8500 km
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(Christiansen, 1993).  These volcanic rocks are first found in 
Southeastern Oregon and northern Nevada and are 16.5-15 MA old 
(Armstrong et al., 1975).  The location of these volcanic rocks 
becomes younger to the northeast, culminating in the 0.6 Ma and 
younger eruptions seen at the modern location of the Yellowstone 
Caldera.   
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Figure 2.1: Track of the Yellowstone Hotspot over the past 16.5 Ma.  Image 
modified from Smith (2000). 
2.2 Yellowstone National Park 
 The earliest description of geologic activity at 
Yellowstone National Park was by Hayden (1872) who described 
several minor to severe earthquakes that his expedition 
experienced while camped at Yellowstone Lake.  Since this time, 
earthquakes as large as magnitude 7.5 have been recorded in the 
park.  These seismic events led to investigations that found the 
source of this seismicity, the present Yellowstone Caldera 
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(Nile, 1960).  In more recent years, investigations by 
Christiansen and Blank (1972), Christiansen (1984, 1994, 2001), 
Hildrethe et al. (1991) and Morgan et al. (2003) have uncovered 
the volcanic history of Yellowstone National Park and the 
surrounding areas.   
 The last 2 million years of volcanic activity within 
Yellowstone National Park have been defined by three major 
caldera-forming eruptions that produced more than 4500 km
3
 of ash 
flows (Christiansen, 1984).  The surficial area and distribution 
of the three major eruptions within the modern park are 
illustrated in Figure 2.2. 
 
 
Figure 2.2: Location of the three most recent caldera-forming eruptions 
within Yellowstone National Park, as well as the location of two resurgent 
domes within the park.  Image from Smith and Siegel (2000). 
Henry’s Fork 
Eruption 
Huckleberry 
Ridge Eruption 
Lava Creek 
Eruption 
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Smith and Braille (1994) describe the oldest of these 
eruptions as the 2.1 Ma Huckleberry Ridge event (Figure 2.2).  
This event is believed to have produced a volume of nearly 2500 
km
3
 of ash flows and formed a large proto-caldera, which has 
hitherto been filled by younger eruptions and glacial deposits.  
The next eruption described by Smith and Braille (1994) is the 
Henry’s Fork eruption of 1.3 Ma, which occurred in the Island 
Park area, located southwest of the modern Yellowstone Plateau.  
This eruption is believed to have produced roughly 280 km
3
 of ash 
flows.  The youngest major eruption was the 0.64 Ma modern 
caldera-forming Lava Creek eruption that produced more than 1000 
km
3
 of ash flows.  This eruption is also believed to have 
collapsed over a large magma chamber, which is the origin of the 
large 45 km wide, 75 km long, modern Yellowstone Caldera.  The 
volumes of these three caldera forming events are much larger 
than other volcanic events seen in modern times (Figure 2.3). 
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Figure 2.3:  Volumetric size of several major volcanic eruptions as compared 
to the last three caldera-forming eruptions of Yellowstone National Park.  
Image from Smith and Siegel (2000). 
 These caldera-forming eruptions occur due to crustal 
stretching that allows partial melts to rise, pressurize, and 
eventually generate an eruptive event.  A diagram of this 
process (Figure 2.4) shows a cross-section of the modern 
Yellowstone caldera.  The area (A, Figure 2.4) shows rising 
basaltic magma, which pools in the plastic lithosphere, creating 
a partial melt of the overlying rock (Gibson et al. 2008).  This 
rising melt pushes up and stretches the adjacent crust, leading 
to fracturing and faulting as well as the multitude of 
earthquakes within the park (B, Figure 2.4; Lowenstern et al, 
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2006).  The partial melt also heats overlying fluids (C, Figure 
2.4), creating the abundant hydrothermal features seen within 
Yellowstone National Park (Bryan, 2008).  Current magma 
intrusion deep underground is also creating bulges at the 
surface in the park, called resurgent domes (D, Figure 2.4) and 
shown in plan-view in Figure 2.2 (Brantley et al., 2004).   
 
  
 
Figure 2.4:  Processes on a caldera scale within the Yellowstone Hotspot.  
Image from Smith and Siegel (2000).      
In the last 150,000 years, more than 40 volcanic events 
have been identified by Christiansen (1994) on the Yellowstone 
plateau.  A more recent eruption, the 50 km
3
 caldera forming Tuff 
of Bluff Point, formed the area known as the West Thumb Basin, 
A 
B 
C 
D 
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roughly 170 ka (Watts et al., 2012).  Today, two resurgent 
domes, the Sour Creek dome in the northeast section of the 
caldera as well as the Mallard Lake dome to the south are still 
considered to be active (Figure 2.2; Brantley et al., 2004). 
2.3 Yellowstone Lake 
 Many processes have contributed to the formation of the 
current configuration of Yellowstone Lake that is bounded to the 
south by Yellowstone caldera.  These historical eruptions 
include the Huckleberry Ridge Tuff eruption, which formed a 
paleo-caldera 2 million years ago (Christiansen, 1984).  Other 
important events include the Lava Creek Tuff 640,000 years ago, 
which created the modern day Yellowstone Caldera (Christiansen, 
2001).    
 Yellowstone Lake is the second largest high-altitude lake 
in the world, with a surface area of 341 km
2
 and a maximum depth 
of ~130 m.  The first mapping effort of Yellowstone Lake was 
undertaken by the United States Geological Survey in 1871.  This 
group, led by Ferdinand V. Hayden, set out to create the first 
bathymetric maps of the lake bottom.  This expedition has 
subsequently been detailed by Merrill (1999).  The map created 
by the Haden Expedition (Figure 2.5) shows the deepest points in 
the lake and a general bottom shape, which allowed for a rough 
computation of lake volume.  However, due to the very low 
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resolution of the techniques used, which included lead lining 
and ship-to-shore location triangulation, individual features on 
the lake bottom were not observed. 
 
Figure 2.5: Original bathymetric map created by Henry Elliott, Chief Artist 
of the Hayden Expedition, 1871.  Depths indicated are in feet and are the 
result of 300 lead line measurements.  Map modified from Morgan et al. 
(2003). 
 The lake bottom was next mapped extensively by Kaplinski 
(1991) using singlebeam echosounding technology.  The Kaplinski 
bathymetric map (Figure 2.6) used ~1 km spaced profiles to 
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create a higher resolution representation that could identify 
individual features on the lake bed.  The Kaplinski map is the 
first to show tectonic features such as grabens and faults on 
the lake bottom, as well as hydrothermal features.  These 
hydrothermal features include features related to the formation 
of West Thumb Basin, deep areas adjacent to Stevenson Island, 
and apparent hydrothermal explosions in the northeast portion of 
Yellowstone Lake. 
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Figure 2.6: 10 m contoured bathymetric map of Yellowstone Lake modified from 
Kaplinski (1991).  
 The next mapping effort was conducted between 1999 and 2002 
by the United States Geological Survey and is detailed in Morgan 
et al., (2003).  This study included a full multibeam 
bathymetric map of Yellowstone Lake (Figure 2.7) with a 
horizontal resolution of ~8 m, seismic reflection profiles, as 
well as the use of ROV video and bed sampling devices.  One of 
the major findings of this survey was a small area in the 
West Thumb Basin 
Hydrothermal 
Cratering 
Lake Bed 
Grabens 
Hydrothermal 
Craters 
N 
~6km 
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northern section of Yellowstone Lake, referred to as the 
“Inflated Plain” (Figure 2.7), which contains many hydrothermal 
vents and seems to bulge out of the surrounding lake bed by ~30 
m.  Morgan et al. (2003) noted that during their mapping field 
work in 1999, no active hydrothermal venting was present in this 
area.  However, during subsequent mapping in July 2002, 30 m 
high plumes and strong hydrogen sulfide smells were present in 
the Inflated Plain area.  This sudden increase in activity has 
been attributed to low lake levels in 2002, which are argued to 
have lowered the hydrostatic head sufficiently to allow gas to 
escape (Morgan et al., 2003).  The Inflated Plain is now known 
as one of the most hydrothermally active areas in the lake.  
19 
 
 
Figure 2.7:  Bathymetric map of Yellowstone Lake modified from Morgan et al. 
(2003).  The total swath coverage of the lake reveals many hydrothermal 
features in the West Thumb Basin as well as near the northern shore of the 
lake.   
 Morgan et al. (2003) also discovered numerous rhyolitic 
lava flows which make up much of the lake bottom.  This porous 
rhyolitic lava seems to have, in part, some control over the 
location and distribution of hydrothermal vents in the lake, 
4000 m N 
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since hydrothermal fluids more easily travel vertically through 
rhyolitic rock (Figure 2.8).  This enhanced vertical flow is due 
to vertical fracturing of the rhyolitic rock, which forms 
pathways for superheated hydrothermal fluids to move towards the 
surface (A and C, Figure 2.8).  Some of these areas, such as the 
2.4 km by 2.8 km Elliot’s Crater in the northeast section of the 
lake, have formed via large explosions caused by hydrothermally-
pressured pore water (Morgan et al., 1998).  These hydrothermal 
vent systems are extremely important in the Yellowstone Lake 
ecosystem, influencing the water chemistry by introducing 
potentially toxic gases containing arsenic, hydrogen sulfide and 
antimony, and may also provide nutrients into the ecosystem.  
Morgan et al. (2003) indicate that as much as 10% of the thermal 
water flux in the park could occur at the bottom of Yellowstone 
Lake.   
 
 
 
 
 
 
21 
 
 
 
Figure 2.8: Modified from Morgan et al. (2003), Flow model of hydrothermal 
venting via rhyolitic lava.  Properties of the rhyolitic lava were obtained 
and modified from Bonnichsen and Kauffman (1987).  This two-dimensional flow 
model shows slow flow rates indicated by vectors and lateral flow outside of 
the aquifer.   
 Morgan et al. (2003) mapped many features within the lake 
that indicate the effects of more recent processes, such as 
active faulting, glacial erosion and many postglacial (<12,000 
years ago) hydrothermal explosion events.  An example of these 
A 
B C 
D E 
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hydrothermal explosion events are the Mary Bay crater complex 
and the Inflated Plain crater field (Figure 2.7). 
  Morgan et al. (2003) postulate that these hydrothermal 
features are related to meteoric fluid flowing above ancient 
magma chambers.  The meteoric pore water is heated by the 
underlying magma, which therefore accumulates steam within the 
pore space.  This steam eventually collects and can lead to, or 
accelerate, fragmentation or failure of the overlying cap rock.  
As pore water moves through overlying layers, minerals can 
precipitate and clog the pore spaces.  These processes lead to 
over-pressuring and catastrophic explosions, such as those found 
in Elliot’s Crater (Figure 2.7).  This area has also been found 
to be seismically active (Smith, 1990), and high heat flux 
measurements (Morgan et al., 1977) have backed up the presence 
of large magmatic features underneath the northern section of 
Yellowstone Lake. 
2.4 Yellowstone Glaciations 
 Two major Pleistocene glaciations have occurred in 
Yellowstone National Park and the surrounding ranges.  The Bull 
Lake glaciation covered much of the southern section of the park 
with ice (Pierce et al., 2003; Figure 2.9).  Cosmogenic dating 
by Licciardi and Pierce (2008) has established that the Bull 
Lake glaciation terminated ~136,000 years ago.  The latest major 
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glaciation of Yellowstone National Park was the more extensive 
Pinedale Glacial Event, which has eroded much of the Bull Lake 
deposits,  and has been determined to have started receding 
~16,500 years ago (Licciardi and Pierce, 2008).  
 
Figure 2.9: Extent of the Pinedale and Bull Lake Glaciations in Yellowstone 
National Park. The orange outline is the extent of the Bull Lake glaciation 
of roughly 136 ka, and the blue line is the extent of the Pinedale glaciation 
of roughly 16.5 ka. Image modified from Liccardi and Pierce (2008). 
 Pierce (1979) describes features carved by these massive 
ice caps as they retreated from the Yellowstone region.  Large 
ice dams during glacial retreats released massive amounts of 
water and carved many of the gorges and valleys seen today, 
which now form some of the most spectacular views in the park.  
These catastrophic flooding events have also created large 
depositional fans and transported boulders more than 1.5 m in 
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diameter (Figure 2.10B) over long distances (tens to over 100 of 
kilometers) and deposited sediment in some areas up to 15 m 
thick and 1.5 km long (Licciardi and Pierce, 2008). Large 
extensive terminal moraines are also prevalent in the southern 
edge of the park and are helpful in marking the terminus of each 
glacial event.   
 
Figure 2.10: AC) Dropstones within Yellowstone National Park C) Large 
boulders within glacial fan associated with outwash floods and D) a large 
cirque feature.  These remnants demonstrate past glacial activity within the 
park.  Images from Licciardi and Pierce (2008).  
2.5 Modern Processes  
 The modern Yellowstone caldera formed 640,000 years ago 
during the rhyolitic eruption of the Lava Creek Tuff 
(Christiansen, 2001).  The modern caldera is over 400 km
2
 in area 
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and is home to thousands of earthquakes every year, as well as 
large-scale vertical displacements related to volcanic and 
hydrothermal processes (Smith and Braile, 1994).  Cycles of 
displacement are known to exceed tens of centimeters, last for 
several years at a time (Wicks et al., 2006), and are mostly 
related to the activity of resurgent domes (Dzursin et al. 
1990).  The activity in these domes is due to the presence of 
upper crustal magma seen in seismic and gravity anomaly surveys 
(Husen et al., 2004).  This magmatic activity also provides the 
heat that is responsible for the extreme number of hot springs 
and geysers within Yellowstone National Park (Lowenstern and 
Hurwitz, 2008).   
 The hydrothermal gases that are emitted out of 
Yellowstone’s vents are formed when CO2 and H2S are released by 
boiling Cl
-
-rich water deep within the crust, which then condense 
near the surface (Fournier, 1989).  Sulfuric acid is then 
created as H2S oxidizes at the surface, which reacts with 
rhyolitic lava deposits and creates the muds and clays which 
dominate the hydrothermal areas (Fournier, 1989).   
 Volatile gases are released at the surface via diffusion 
through the ground, as well as directly through bubbling vents 
(Werner and Brantley, 2003).  CO2, H2S and H2 are emitted in 
abundance and Werner and Brantley (2003) estimated that these 
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areas released gasses at a rate of 1250 gm
-2
day
-1
.  These vents 
release roughly 40-60 times the amount of CO2 typical of biogenic 
areas, and the sum of these Yellowstone gas releases are 
responsible for ~5% of all volcanic CO2 emissions worldwide. 
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CHAPTER 3 
METHODOLOGY 
3.1 Introduction 
 The following chapter will explain the basic concepts of 
multibeam acoustic surveying.  This includes the theory behind 
the propagation of sound within the water column, the equipment 
used during surveying, the survey methodology, as well as the 
data cleaning methods used.  The purpose of these methods is to 
outline the data processing protocols used during surveying and 
describe the processes used to create the maps and images which 
will be seen in Chapters 4-8.   
3.2 Acoustic Theory 
 Multibeam echosounding technology uses sonar (SOund 
Navigation And Ranging) to make precise measurements of depths 
in sub aqueous environments.  To do this, pulses of sound are 
transmitted into the water at frequencies ranging from 12 kHz to 
500 kHz with swath widths of more than 165° (Kongsberg Maritime, 
2012).  These pulses of sound, or pings, reflect off of the 
bottom and are recorded by an acoustic receiver array.  A simple 
triangulation method shown by Russel-Cargill (1982) can be used 
to determine depths based on this sound transmission and 
receiving process. 
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𝑧 = 𝑧0 +
(𝐶0𝑇𝑝)
2
cos 𝜃 
 
(3.1) 
 
𝑥 = 𝑥0 +
(𝐶0𝑇𝑝)
2
sin 𝜃 
(3.2) 
 
where z0 and x0 are the x and z co-ordinates of the initial ping, 
Tp is the two-way travel time from projector to bottom and back 
to the receive array, C0 is the speed of sound in water at the 
surface, and θ is the angle away from the centerline, or nadir, 
of the ping (Figure 3.1).   
 
Figure 3.1:  Diagram showing simple acoustic swath with one individual beam, 
labeled “b”.  The term θ is the angle of the individual beam from the center 
line. 
 Equations 3.1 and 3.2 are overly simplified and lead to 
large errors in the data collection process.  These equations 
assume a constant speed of sound within the water column, which 
is neither true nor realistic (Geng, 1997).  A sample speed of 
sound cast can be seen in Figure 3.2, showing a sharp speed of 
sound decrease within Lewis Lake, Yellowstone National Park.  
Θ 
b 
Swath Width 
x 
z 
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This is due to a thermocline in the lake, or a drastic density 
difference driven by a large temperature gradient in the lake.  
This changes the way that sound propagates in water, as sound 
moves slower in more dense fluids, thus causing signal 
refraction. 
 
 
Figure 3.2:  Sound velocity profile taken from Yellowstone Lake. 
 
The problem with this refracted signal is that it changes the 
distance that a single ping must travel to complete the two-way 
journey from the instrument, thus affecting the depth reading.  
One way to improve this problem is to assume a linear gradient 
of sound velocity by using the equation: 
 
𝑔 =
𝐶𝐵 − 𝐶0
∆𝑧
 
(3.3) 
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where g is the gradient in speed of sound, CB is the speed of 
sound at the base of the sounding, C0 is the speed of sound at 
the surface, and Δz is the change in depth of the sounding.  To 
take into account the angle of the sounding (Figure 1.1 and 
Equation 3.2), an equation was proposed by Urick, (1983): 
 
𝑧𝐵 = 𝑧0 −
𝐶0
𝑔 cos 𝛼0
(cos 𝛼0 − cos 𝛼𝐵) 
 
(3.4) 
 
𝑥𝐵 = 𝑥0 −
𝐶0
𝑔 cos 𝛼0
(sin 𝛼0 − cos 𝛼0) 
 
(3.5) 
 
where α0 is the original beam angle and αB is the grazing 
angle (angle at which ping strikes the bed) of the return 
signal.  Even this process is not ideal (Figure 3.2), as the 
sound velocity profile in any body of water is not a linear 
gradient (Figure 3.2).  A more complex equation can be used to 
correct for this non-linearity using the actual sound velocity 
profiles.  To do this, Snell’s Law can be used (Urick, 1983): 
 cos 𝛼𝐵
𝑐𝐵
=
cos 𝛼0
𝑐0
 
(3.6) 
 
Two new equations can thus be made from equations 3.4 and 
3.5.: 
 
cos 𝛼𝐵 =
𝐶𝐵
𝐶0
cos 𝛼0 = (1 + 2𝜀𝑆) cos 𝛼0 
 
(3.7) 
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 sin 𝛼𝐵 = √1 − [(1 + 2𝜀𝑆) cos 𝛼0]2 
 
(3.8) 
 
Additionally, the integral of the individual sound velocity 
curve areas (shallower than and deeper than the pycnocline) 
should be taken into account in order to get a better fit for 
the two distinct sound velocity regimes.  From Geng and 
Zielinski (1999), a calculation can be made to determine the 
difference in graphical area between two distinct sound velocity 
regimes (Figure 3.2): 
 
 
∆𝑆 =
1
2
∆𝑧∆𝑐 
(3.9) 
 
where Δz is the change in depth, Δc is the change in sound 
velocity, and ΔS is the difference in graphical areas between 
the two zones. The difference between these two zones can be 
shown as: 
 𝜀𝑠 =
𝑐𝐵 − 𝑐0
2𝑐0
 
 
(3.10) 
 
Thus εs is the relative difference in sound velocity.  Now a 
new triangulation method can be implemented for a curved sound  
velocity profile from Geng and Zielinski, 1999: 
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 𝑧′𝐵 = 𝑧0 + 𝑇𝑐0 sin 𝛼0 
 
(3.11) 
 𝑥′𝐵 = 𝑥0 + 𝑇𝑐0 cos 𝛼0 
 
(3.12) 
  
 
where T is a new one-way travel time which takes into 
account these changes in sound velocity (Geng, 1997): 
 
𝑇 =
1
𝑔
𝑙𝑛 [
𝑐𝐵(1 + 𝑠𝑖𝑛𝛼0)
𝑐0(1 + sin 𝛼𝐵)
] 
(3.13) 
 
 
 
 
 
 
Figure 3.3:  When a more realistic sound velocity curve is applied, 
refraction occurs as seen by the change in position in the x direction 
between xB and x’B.   
θ 
  
x’B xB 
Sound Velocity 
Profile 
Refracted sonar beam 
Sonar beam estimated by equations 3.11 and 3.12 
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An error correction equation can also be proposed for the 
position of an individual ping: 
 
𝜀𝑧 = 𝑓𝑧(𝜀𝑠, 𝛼0) =
𝑧′𝐵 − 𝑧𝐵
𝑧𝐵 − 𝑧0
= (
𝑐0𝑇
∆𝑧
sin 𝛼0) − 1 
 
(3.14) 
 
𝜀𝑥 = 𝑓𝑥(𝜀𝑠, 𝛼0) =
𝑥′𝐵 − 𝑥𝐵
𝑥𝐵 − 𝑥0
= (
𝑐0𝑇
∆𝑥
cos 𝛼0) − 1 
(3.15) 
A substitution can be made using Equations 3.4, 3.5, 3.7, 
3.8, and 3.13 into Equations 3.14 and 3.15 to give a true 
bathymetric return, which takes into account actual sound 
velocity curves along with acoustic return angles to create 
depth and horizontal location functions: 
 
𝑓𝑧(𝜀𝑠, 𝛼0) =
sin 𝛼0
2𝜀𝑆
ln [(1 + 2𝜀𝑆)
(1 + sin 𝛼0)
(1 + √1 − [(1 + 2𝜀𝑆) cos 𝛼0]2 
] − 1 
 
(3.16) 
 
𝑓𝑥(𝜀𝑠, 𝛼0) =
(cos 𝛼0 2𝜀𝑆)𝑙𝑛 [(1 + 2𝜀𝑆){(1 + 𝑠𝑖𝑛𝛼0)/(1 + √1 − [(1 + 2𝜀𝑆) cos 𝛼0]2)}]⁄
[{√1 − [1 + 2𝜀𝑆)𝑐𝑜𝑠𝛼0]2 − (𝑠𝑖𝑛𝛼0 𝑐𝑜𝑠𝛼0) −⁄ (1 + 2𝜀𝑆)𝑐𝑜𝑠𝛼0}]
− 1 
 
(3.17) 
 
The strength of the return, or backscatter, is described in 
detail in Section 3.4, although the acoustic theory behind this 
is described by Urick, 1983 as: 
 𝐼𝐿 = 𝑆𝐿 − 𝑇𝐿 = 𝑆𝐿 − 20 log 𝑟 −∝ (𝑟 − 1) (3.18) 
where IL is the intensity of a return ping in dB, SL is the 
initial intensity of a ping in dB, TL is the transmission loss 
during the two way journey of a ping, r is the spreading radius, 
and ∝ is an attenuation rate.  This transmission loss (TL) 
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includes two terms; the first is a logarithmic relationship that 
accounts for acoustic signal spreading.  The second contains a 
constant α that takes into account the salinity, pressure and 
temperature of the medium.  This second term is called 
attenuation.  Using this reflected volume of sound, estimates of 
substrate composition and rugosity (roughness) can be made. 
 
3.3 Multibeam System  
 The Reson 7125 SV2 multibeam system (Figure 3.4) uses 
pulses of sounds at regular intervals, called “pings”, to 
accurately measure the shape and substrate characteristics of 
subaqueous environments.  This system has dual frequency 
capabilities of 200 or 400 kHz, which allows for depth ranges of 
0.5 to 150 m at 200 kHz to 0.5 to 400 m at 400 kHz.  Along track 
beam angles are reported at 2° for 200 kHz and 1° for 400 kHz 
with an adjustable ping rate with a maximum of 50 Hz and a pulse 
length of 33 to 300 µS.  The Reson Seabat 7125 also has an 
adjustable total swath angle of 90-165° for maximum swath 
coverage or data density (Reson Seabat 7125 SV user’s manual, 
2011).   
35 
 
 
Figure 3.4:  Multibeam echosounder with both projector and receive array.  
The 200 and 400 kHz projectors are both located in the single projector unit.  
Image modified from Reson, Inc. (2012). 
 Motion of the vessel during collection can cause inherent 
data errors due to changes in angle in the X (along swath), Y 
(along vessel), and Z (depth) directions of individual beams 
(Figure 3.5A).  This motion will change the direction and 
distance of individual pings due to motion of the acoustic 
projector.  In order to compensate for this motion, a high 
precision gyroscope (Figure 3.5B) is attached to the vessel that 
accurately records vessel motion.    
 
Projector 
Receiver 
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Figure 3.5: Vessel motion direction (A) and POSMV gyroscopic correction 
system (B).  “A” from Kongsberg Maritime, 2012. “B” from Reson, 2012.   
 GPS data was also collected using a Leica RTK 1200 GX1230 
GPS system that allows for real time kinematic, or RTK, 
measurement of location.  To achieve this, a GPS base station 
(Figure 3.6) is set up at a known location and transmits the GPS 
signal to a receiver on board the vessel.  This receiver 
combines signals with shipboard GPS antennae to obtain real-time 
corrections in vessel attitude and to assist in motion 
corrections.    
A
. 
B
. 
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Figure 3.6: Leica RTK 1200 GX1230 GPS base station is set up and real-time 
kinematic corrections are sent to a shipboard receiver and applied during the 
data acquisition process.   
 Sound velocity changes within the water column also need to 
be taken into account in order to correct for refraction of 
pings as discussed in Section 3.1.  To do this, a Reson SVP 71 
probe (Figure 3.6) was deployed multiple times during surveying 
to collect sound velocity differences within the water column 
over daily time scales.  The instrument contains a pressure 
sensor to measure the water depth as well as a small sonar 
projector and receiver over a set distance, which using similar 
principles to those outlined in Section 3.1, allows for the 
determination of two-way travel time, and thus obtaining a sound 
velocity.   
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Figure 3.7:  Reson SVP 71 sound velocity probe.  Image modified from Reson 
Inc. 2012. 
 Shipboard computers that collect the vessel motion and 
bathymetric data are networked together and these data are 
combined in real time to create a motion, position, and X, Y, Z 
bathymetric location packet which can be exported to be used for 
data cleaning (Section 3.4).  During the cleaning process the 
sound velocity profiles are applied to the data.  
 This equipment was mounted on the R/V Wabash, a 28 foot 
research vessel specially designed for data collection (Figure 
3.8).  This vessel uses a bow mounted multibeam system, the 
simplest method of deploying instrumentation.  This method 
allows for simple deployment and extraction of instrumentation 
from the water as well as making it easier to transport between 
field sites.  The vessel also has specially designed permanent 
attachments for GPS antenna mounting, allowing for accurate and 
Sound 
Velocity 
Probe 
Ship-
board 
data 
reader 
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precise measurements of the distance between antennae, a vital 
part of accurate GPS location.  Within the vessel, special 
mounts are installed to secure computers as well as the PosMV 
320 system.  The PosMV 320 is located in the direct center of 
the vessel, allowing for the most accurate measurement of heave, 
pitch, roll, and yaw.  
 
Figure 3.8:  R/V Wabash deploying Multibeam Echosounder in Lewis Lake, 
Yellowstone National Park. 
 
3.4 Survey Methods 
 Multibeam surveys were conducted on Lewis Lake, Wyoming, 
(from August 8 to August 10, 2012) with the goal of creating a 
high-resolution map of the lake bottom.  Data was collected with 
Reson PDS2000 software that allows for the real-time combination 
GPS Antennas 
Bow Mounted Multibeam 
Echosounder 
40 
 
of motion, position, and speed of sound measurements as 
discussed in Section 3.2.   
 Specific survey areas within Yellowstone Lake were targeted 
for bathymetric survey as well as water column sampling, and 
surveying was undertaken from August 12 to August 15, 2012.  The 
collection of bathymetric data, other than an instrument change, 
was constant between Lewis Lake and Yellowstone Lake surveys. 
 Settings for swath width, beam angle, and gain during these 
bathymetric surveys were standard for shallow water surveying 
(Table 3.1).  During water column collection, these settings 
were adjusted in order to maximize the amount of soundings in 
the area of interest as well as maximize the imaging of the 
selected area.  This included a decrease in beam angle, a 
relative decrease in range, and a sharp increase in data 
gaining. 
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 Power Range 
(listening 
window) 
Frequency Gain Beam 
Angle 
Lewis Lake 180-200 
dB 
5-30 m 400 kHz 20-30 dB 165° 
Inflated Plain 180-200 
dB 
15-40 m 400 kHz 20-30 dB 165° 
Inflated Plain 
Water Column 
200 dB 5-20 m 400 kHz 50 dB 90° 
Stephenson Island 180-200 
dB 
75-120 m 200 kHz 20-30 dB 165° 
Elliot’s Crater 180-200 
dB 
20-65 m 400 kHz 20-30 dB 165° 
Table 3.1: Survey parameters used at each individual field site. 
 Several sources of error are introduced during data 
collection.  These errors include: 
1.   The setup of equipment aboard the R/V Wabash required 
nightly removal and re-installation of the multibeam 
echosounder, which introduced roll, heave, pitch, and yaw 
errors during each reset  The exact errors that this 
generates are unknown, although separate patch tests (see 
below) were conducted for each day. 
2.   There are also inherent errors within each instrument 
including the GPS measurements and motion measurements.  In 
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general, these GPS errors were less than 10 cm in latitude 
and longitude locations, and less than 0.01% in vessel 
heading and velocity.   
3.   Measured error within motion devices in pitch and roll 
are less than 0.02° off plane.   
4.   Vertical error for the resolution of the lake bed using 
the Reson Seabat 7125 SV2 is 6mm. 
The total propagated error from these different sources (2-4) 
is less than 1 m, much less than the resolution of gridded 
data, and thus should have little effect on the final map 
products.   
3.5 Data Cleaning Methods 
 The bathymetric data was cleaned within Caris Hips & Sips 
7.1™ software, which allows for multiple instrument and line 
integration in a seamless GIS package.  An outline of the 
cleaning process (Figure 3.9) complements the following 
descriptions.  Initially, a unique vessel file with the layout 
of all instruments and their relative position to one another is 
made.  This vessel file will aid in any corrections made to 
swath data.  Data is then loaded and formatted into a file 
format that Caris Hips & Sips™ can read.  After initial loading 
of the data, which includes an initial depth filter to eliminate 
any multiples and unwanted surface reflections, sound velocity 
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cast profiles taken in the field are applied to individual point 
clouds by a “nearest in distance” interpolation, which applies a 
single cast to points within an area closest to the selected 
sound velocity cast.  Four sound velocity casts were applied to 
the bathymetric data in Lewis Lake, and five were used in the 
area of the Inflated Plain, Yellowstone Lake (see example 
profile in Figure 3.2).  Lake level changes during the survey 
were minimal, but were compensated for in Yellowstone Lake using 
the Yellowstone River stream gage.  A time series ‘tide-file’ 
was created and applied to the data using the ‘Apply Tide’ 
toolbox of Caris Hips & Sips 7.1™.  Roll, pitch, heave, and yaw 
motion errors were corrected using the patch test application 
within the Reson PDS2000 software (Figure 3.5A).  This software 
takes in lines over flat-lying areas, allowing for the best 
correlation between lines.  These errors are then further 
resolved and applied within the Caris Hips & Sips 7.1™ 
Calibration toolbox, which allows for higher resolution 
adjustment of motion error.  Due to setup changes between survey 
days, the patch test and calibration processes were done for 
each individual day of surveying.  Both motion and sound 
velocity data are then applied to individual data points within 
Caris Hips & Sips using the Merge toolbox, which automatically 
corrects for these errors, allowing for seamless correction 
prior to calculation of any bathymetric surface.   
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 A grid is then made using the Create BASE Surface toolbox 
that utilizes several gridding algorithms.  A Swath Angle 
algorithm, which  uses a 9x9 weighting method to create a 
gridded surface based on the beams intersection angle with the 
bed, is employed (Caris Hips & Sips 7.0 User Manual, 2009).  
Lewis Lake was gridded at a horizontal resolution of one meter.  
Due to survey coverage, the bathymetric data in the Inflated 
Plain of Yellowstone Lake was gridded at 1 m, Elliott’s Crater 
at 1m, and the Stevenson Island depression chain at 2 m due to 
the greater water depths.   
 These grids were then inspected for visual errors.  Each 
data point was inspected in a point cloud within the Subset 
Editor in order to pinpoint sources of error, such as multiple 
returns and unwanted ping returns within the water column.  
These sources of error were removed manually from each point 
cloud area.  The surface is then ‘re-merged’, meaning a new 
interpolation is made, to remove the rejected data, and the 
final grids are made with all corrections applied and all 
erroneous data removed.  
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Figure 3.9:  Total workflow of multibeam bathymetric data editing from 
initial loading of data in Caris Hips & Sips through editing processes and 
final grid creation. 
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3.6 Backscatter Data Processing 
 Backscatter data was collected during the survey of Lewis 
Lake in order to characterize the substrate of the lake bed 
(Fonseca and Mayer, 2007).  Backscatter data was gridded for 
this area using Reson’s PDS2000™ collection software using the 
‘backscatter grid model editor’ toolbox.  All Lewis Lake 
backscatter grids were created using a direct 9x9 interpolation 
scheme and gridded at 2m. 
 To achieve this, the PDS2000™ software uses “snippets” 
data, which is backscatter data that has the bathymetric data as 
well as beam angle data linked to it, making it possible for the 
program to correct for differences in depth and beam angle over 
x, y, and z space (Lockhart et al. 2001).  This angle correction 
is known as the “slant range” correction.  Snippets data also 
contains power, gain, and swath width information to aid in the 
data processing.   
 Interpretation of these maps was done using a method 
outlined in Medialdea et al. (2008) where stronger returns are 
interpreted as a “harder” substrate, such as rock or compacted 
sand, while “softer” returns may be mud, silt, or uncompacted 
sediments.  No distinct ranges for these interpretations exist 
without bed samples, and therefore it is impossible to verify 
the exact bed substrate encountered.  This method can only 
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provide information on the relative “hardness” or “softness” of 
the substrate compared to the rest of the lake. 
3.7 Water Column Data Processing 
 Water column data was processed in IVS4D Fledermaus™ 
software suite.  An outline of the water column processing 
(Figure 3.11) summarizes the following descriptions.  Data is 
loaded into the Fledermaus DMagic™ program for initial import 
for proper geo-referencing and for initial gridding.  Gridding 
was done using a 3x3 point weighting scheme.  Data is then 
imported into the FMMidwater program to extract water column 
data (Figure 3.10).  
 
Figure 3.10:  Screenshot from IVS4D FM MidWater software.  The hard return is 
the outline of a depression which needs to be removed, while much fainter 
returns need to be saved.   
  Extraction of the water column data is achieved by excluding 
beams and depth ranges that do not contain data within the water 
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column and thus preferentially keeping wanted data points.  This 
is done for each individual transect.  Tools within IVS4D 
Fledermaus then allow for the calculation of the volume of the 
point cloud, the number of returns, and the cross sectional 
area, as well as the height of the point cloud.  After these 
calculations, the chosen data can be exported as a text file of 
position and depth of individual returns.  The water column data 
can then be exported into Caris Hips & Sips 7.1™ to be combined 
with previously-cleaned bathymetric data.  This process allows 
for the ability to apply sound velocity profile measurements and 
motion corrections to the imported water column data.   
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      Figure 3.11: Workflow of multibeam water column data processing from initial 
data editing to plotting with bathymetric data. 
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CHAPTER 4 
GEOMORPHOLOGY AND GEOLOGY  OF LEWIS LAKE 
4.1. Lewis Lake Overview 
 Lewis Lake is an elongate lake in central Yellowstone 
National Park, which is 5 km long in the north-south direction 
and 3.8 km at its widest.  The lake is fed by the Lewis River to 
the north, which also has an outlet in the southern portion of 
the lake.  The morphology of the lake bed was revealed by 
extensive multibeam bathymetric mapping (Figure 4.1) that shows 
the deepest part of Lewis Lake is in its central portion and is 
roughly 33 m in depth.  Shallow areas (~3 m) were also observed 
in the northeast section of the lake, as well as in the west-
northwest section of the lake which shoals to less than 2 m.  
Lewis Lake is not symmetrical in shape, with depressions in its 
southern section and irregularly-shaped areas that are 
significantly shallower than the surrounding lake bed in the 
central and northern sections of Lewis Lake.  This chapter will 
describe and interpret the geology of four areas of the lake, 
the southern, central, northern, and western portions.  This 
description then allows interpretation of the geology using 
bathymetric mapping as well as past outcrop studies. 
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Figure 4.1: Overview of Lewis Lake showing bathymetric detail at a resolution 
of 1 meter.   
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4.2: Southern Lewis Lake 
 The southern section of Lewis Lake is dominated by large 
depressions (Figure 4.2) that are more numerous in the extreme 
southern tip of Lewis Lake and trend along the western shore of 
the lake.  These depressions range in area from over 1300 m
2
 to 
less than 8 m
2
, with more than 35% of the 145 clearly 
distinguishable depressions being smaller than 50 m
2
.  
 
Figure 4.2: Horseshoe-shaped crater field in southern Lewis Lake as shown by 
A.   
 
 A two-dimensional bathymetric profile across the southern 
region of Lewis Lake (Figure 4.3) shows a general trend of 
shoaling towards the central portion of the depression field.  
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At least nine of these depressions are present in the profile 
(Figure 4.3), and depressions increase in size towards the outer 
portions of the depression field.   
 
 
Figure 4.3: 10x vertically exaggerated two-dimensional profile (Black) from A 
to A’ seen in Figure 4.3 along with backscatter values (gray).  Area chosen 
to traverse large “horseshoe” shaped depression trend seen in the southern 
portion of Lewis Lake. 
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An analysis of the area of these depressions is seen in 
Figure 4.4, which shows a general trend of decreasing abundance 
of depressions with increasing area.  These depressions have 
roughly circular shapes and are generally between 1 and 5 m 
deep, with larger depressions in terms of area generally being 
deeper (5-7 m). 
 
Figure 4.4:  Size-frequency graph of depressions in Lewis Lake.  145 
individual depressions were measured in the lake, of which nearly 40% were 
smaller than 50 m2.  
 
Backscatter data (Figure 4.3; area A in Figure 4.5) shows 
that some areas around these depressions have relatively higher 
backscatter values (-38 dB) than the surrounding lake bed (-51 
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a relatively harder substrate or an increase in the bed rugosity 
(Medialdea et al., 2008).    
 
Figure 4.5:  Backscatter intensity map from southern Lewis Lake.   
 
 The depressions in the southern portion of Lewis Lake are 
interpreted as being both active and inactive hydrothermal vent 
craters.  Similar hydrothermal features were observed southeast 
of Lewis Lake in the Heart Lake Basin by Clark and Turekian 
(1990) who conducted geochemical work on these vents.  These 
hydrothermal craters are formed as deep meteoric water and gas 
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rises and becomes pressurized, doming up the overlying rocks 
(Morgan et al., 2003).   
Once pressure in these liquids and gases exceeds the 
lithostatic pressure of the overlying cap deposits, a fluid and 
gas eruption will occur, possibly ejecting material from the 
eruption epicenter as well as rapidly deflating the area, 
creating depressed craters (Brown and Lawless, 2001).  The 
presence of such hydrothermal vents in the southern portion of 
Lewis Lake can also be used as an indicator of the presence of 
different forms of volcanic deposits within the lake.  Dobson et 
al. (2003) show that the major difference in the movement of 
hydrothermal fluids through rhyolites and tuffs is that 
rhyolitic rocks fracture under heat and pressure, thereby 
allowing for the vertical movement of hydrothermal fluids.  
Tuffs, on the other hand, do not have this property due to their 
very low permeability, and thus are a natural barrier to the 
movement of hydrothermal fluids in this region of Yellowstone 
National Park (Dobson et al. 2003).  This interpretation thus 
suggests the southern portion of Lewis Lake consists of 
rhyolitic lava flows, as also supported by the outcrop studies 
of Taylor et al. (1989) and Christiansen (2001).  Fournier et 
al. (1993) showed that these hydrothermal fractures may be self-
sealing, depositing minerals into small cracks and closing off 
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the fluid flow.  These features may subsequently become 
reactivated as pressure once again builds on these precipitated 
mineral seals, suggesting that hydrothermal vents may be 
transiently active for long periods of time, although this is 
not a well-constrained phenomenon.   
4.3: Central Lewis Lake  
 The bathymetry of the central portion of Lewis Lake (Figure 
4.6) can be subdivided into three regions labeled B, C and D.  
Area B is a region of distinct lobate features roughly 7-9 m 
above the level of the central lake floor.  The bathymetric area 
labeled C (Figure 4.6) is a flat-lying area of Lewis Lake 
compared with the generally textured surface seen in other areas 
of the central portion of the lake.  Region C has less than 1.5 
m of vertical relief over its ~274,000 m
2
 area and possesses a 
slope of 0.1-1°.  Area D (Figure 4.6) is an area of fragmented 
blocks roughly 4-6 m above the central portion of the lake.  
These fragmented regions range in size from 1000 m
2
 to 20000 m
2
 
and cover a total area of roughly 322,500 m
2
.   
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Figure 4.6:  Bathymetry of central section of Lewis Lake  
 A two-dimensional profile of the area traverses these three 
distinct areas labeled B, C and D (B-B’; Figure 4.7).  This 
profile shows area D to consist of features roughly 200-250 m 
across, each with highly rugose surface expressions.  On the top 
of these features are more rugose areas.  The central portion of 
this profile traverses the area labeled B (Figure 4.7) and is 
generally flat-lying with depths varying only 1-2 m across this 
portion of the profile.  The profile of area B is shown as an 
irregularly shaped, relatively higher rugosity area that gently 
shoals to the north. 
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Figure 4.7:  12x vertically exaggerated two-dimensional profile (black) with 
backscatter values (grey) from central Lewis Lake.   
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The backscatter from the area labeled B (Figures 4.7 and 
4.8) shows higher backscatter values in this area than seen 
elsewhere in central Lewis Lake (-46 dB).  The backscatter data 
from the central portion of the area (labeled C, Figures 4.7 and  
4.8) possesses the lowest backscatter values recorded inside of 
Lewis Lake (-61 dB), indicating this region has the “softest” or 
smallest grain size substrate in the lake.   
The fractured blocky features (labeled D, Figures 4.7 and 4.8) 
show a higher backscatter value in the shallower areas (-48 dB), 
with lower backscatter areas (-55 dB) being present within 
individual fractures.   
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Figure 4.8: Backscatter intensity map of central Lewis Lake.   
   
Based on these geomorphic characteristics, as well as the 
outcrop studies of Taylor et al (1989) and Christiansen et Al. 
(2001), features B and D (Figure 4.6) are interpreted as 
distinctly different volcanic flow events.  Their geomorphic 
characteristics include the fractured appearance of what is 
interpreted as a rhyolitic flow extending from the southern 
portion of the lake and terminating in the area labeled C.  
Rhyolitic deposits in other parts of Yellowstone National Park 
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in the area north of the Upper Yellowstone River Falls also show 
similar fracture patterns (Brouwer, 1936).  These rhyolites are 
interpreted as being a continuation of the Pitchstone Plateau 
Rhyolites mapped in the southern area of Lewis Lake (A, Figure 
4.2).  Area B is characterized by having more bulbous, lobate 
deposits and lacks any hydrothermal cratering.  This lack of 
hydrothermal cratering is indicative of tuff flows in 
Yellowstone National Park (Dobson et al. 2003).  This area is 
thus interpreted to be a continuation of the Tuff of Bluff Point 
eruption (170 ka) mapped to the north of Lewis Lake by Taylor et 
al. (1989) and Christiansen et al. (2001).  The central portion 
of Lewis Lake (area C, Figure 4.6) has little to no slope (0.1°-
1°) as well as the lowest backscatter values in the lake (-61 
dB).  This indicates these deposits are most likely fine grained 
deposits, possibly lacustrine sediments partially filling this 
topographically-low area (Anderson and Dean, 1988). 
4.4: Northern Lewis Lake 
 The bathymetry of the northern section of Lewis Lake 
(Figure 4.9) has three distinct areas labeled E, F and G.  The 
bathymetry of area E (Figure 4.9) shows a large, irregularly 
shaped, high rugosity feature measuring roughly 1110 m in the 
north-south direction and 650 m in the east-west direction, and 
that is 12-15 m higher than adjacent areas. The area labeled F 
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(Figure 4.11) is a relatively deep (23 m - 25 m), U-shaped 
region that measures roughly 1000 m long and 400 m wide.  The 
area labeled G (Figure 4.11) is an irregularly-shaped region 
roughly 460 m by 720 m, which is relatively shallow compared to 
adjacent areas of the lake.     
Large fractures in the surface of the area labeled E 
(Figure 4.9) measure roughly 80-100 m long and 1-2 m deep.  
These fractures are focused in the shallow region of northwest 
Lewis Lake and are not seen in other portions of the lake.  
These fractures trend in the NNW-SSE direction and are roughly 
linear.    
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Figure 4.9: South-facing perspective view of Lewis Lake showing three 
distinct regions, labeled E, F and G.   
 
 A two-dimensional bathymetric profile of areas E, F and G 
(C-C’; Figure 4.10), shows area G to possess a generally low 
rugosity that is raised roughly 10 m above the area labeled F.  
Area F has a general U-shape and is roughly 10-20 m deeper than 
areas E and G.  Area E has a highly rugose surface that shallows 
abruptly at ~1200 m on profile C-C’ (Figure 4.10).  A fractured 
surface can also be seen in this section in the shallowest areas 
on this feature in profile. 
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Figure 4.10:  10x vertically exaggerated two-dimensional profile (black) and 
backscatter intensity values (grey) from Northern Lewis Lake. 
-60
-55
-50
-45
-40
-35
-30
-25
-20
-35
-30
-25
-20
-15
-10
-5
0
0 200 400 600 800 1000 1200 1400 1600
B
ac
ks
ca
tt
e
r 
V
al
u
e
 (
d
B
) 
D
e
p
th
 (
m
) 
Profile Distance (m) 
C 
C’ 
500 m 
C C’ 
G 
F 
E 
N 
 
(m) 
66 
 
The backscatter data for the region labeled E (Figures 4.10 
and 4.11) shows that this area has the highest backscatter 
intensity values measured within Lewis Lake (-32 dB), indicating 
a very hard and/or rough substrate compared to other areas in 
the lake. Backscatter data for area F (Figures 4.10 and 4.11) 
shows relatively low backscatter values in this region (-51 dB), 
indicating a relatively “soft” and/or low rugosity substrate.  
The backscatter data from region G (Figures 4.10 and 4.11) shows 
several portions of this area have relatively high (-47 dB) and 
low (-52 dB) backscatter intensity values.  The contrast between 
these areas is very stark, indicating large changes in substrate 
over relatively small distances.   
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Figure 4.11: Backscatter intensity map of northern Lewis Lake.  Areas 
labeled A, B and C correspond with identical labels in Figure 4.9.  
The northern area of Lewis Lake is interpreted as a 
continuation of the feature described as B from the central 
portion of Lewis Lake (Figure 4.7).  This area is again 
interpreted as being dominated by tuffs originating from the 
Tuff of Bluff eruptive group (Taylor et al. 1989; Christiansen, 
2001; Morgan et al. 2007).  However, this northern region has 
several morphological features not seen in the central portion 
of the lake, namely two irregularly-shaped features labeled E 
and G (Figure 4.9), which are interpreted as large outcrops of 
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volcanic rocks.  This interpretation is based on the very high 
backscatter values seen in both areas, as well as possible 
jointing seen in the area labeled E (Figure 4.10).  This 
jointing has been described in other tuff deposits in the park 
by Boyd (1961).  The joints in this area are most likely a 
result of the effects of cooling post-deposition (Crelling and 
Detcher, 1968).  This process occurs as volcanic materials cool 
and jointing grows inward due to differential cooling from the 
center to the top of a given flow (DeGraff and Aydin, 1987).  
The Tuff of Bluff eruption is made up of several eruptive events 
that erupted ash flows over thousands of years, which led to the 
collapse of the West Thumb caldera (Morgan and Shanks, 2010).  
The bathymetrically-shallow areas labeled F and G (Figure 4.9) 
are thus interpreted as being part of an older flow of the Tuff 
of Bluff Point eruptive group, with a younger flow of the group 
(area E) deposited on top.  However, grab samples of the bed 
from this area are needed to test this interpretation.  Ongoing 
research by the USGS includes petrophysical and geochemical 
studies of rocks from this area to more accurately determine the 
origin of individual flows in the northern section of the lake.   
4.5: Western Lewis Lake    
 The western portion of Lewis Lake (Figure 4.12) shows a 
large, shallow, semi-circular feature with very little variation 
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in bathymetric depth.  This area is roughly 1380 m wide (east-
west) and 2670 m long (north-south) and was generally 1-2.5 m in 
water depth at the time of this survey.   
 
Figure 4.12: Bathymetry of western Lewis Lake.  
  
 A two-dimensional bathymetric profile (Figure 4.13) across 
the region traverses a large, fan-shaped area in the western 
portion of Lewis Lake.  This profile shows a generally flat 
lying area over much of the profile varying from 3-4 m.  This 
area rapidly deepens to 16 m over 50 m, revealing an angle of 
the face at 23.5°. 
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Figure 4.13:  12x vertically exaggerated two-dimensional profile (black) 
along with backscatter values (gray) across the large fan-shaped area in 
western Lewis Lake.   
The backscatter data from this area reveals relatively high 
values (-32 dB), with several areas of lower backscatter values 
(-54 dB; Figures 4.13 and 4.14), indicating possible changes in 
substrate type and/or roughness.  
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Figure 4.14: Backscatter intensity map of Western Lewis Lake showing very 
high returns with several areas of much lower returns, indicating some softer 
and/or lower rugosity substrate may be present. 
 The western portion of Lewis Lake is interpreted as a large 
fan-shaped deposit roughly 4.5 km
2
 in area and between 2.5 m and 
5.6 m in water depth at the time of surveying.  No bed samples 
were taken from this area, and therefore it is impossible to 
determine the precise origin of the fan material, although two 
broad possibilities can be approached.  Firstly, Taylor et al. 
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(1989) mapped large amounts of glacial till in the area around 
Lewis Lake, and this large fan-shaped area could be the possible 
terminus of a glacial outwash system.  Additionally, the Lewis 
River enters the northwest of the lake, and the fan could be a 
delta of possible fluvial origin.  Secondly, ongoing USGS 
mapping has found a previously unmapped pyroclastic flow within 
the Lewis River valley that can be tracked to the lake shore 
(Lisa Morgan, personal communication) and thus could be the 
terminus of a pyroclastic flow fan.  However, this does not rule 
out multiple sources of material for this fan (i.e. pyroclastic, 
glacial outwash, fluvial).  The angle of the fan deposit is 
within the ranges of angle of repose for sand (15°-30°, Mehta 
and Barker, 1994), gravel (22°-28°; Penberthy and Echols, 1993), 
as well as pyroclastic flows (12°-17° wet; Cole et al., 1998; 
1°-30° dry, depending on welding processes and composition; 
Suzuki and Tadahide, 1982; Yamamoto et al., 2005)  The angle of 
the face of this fan (16°-24°) does indicates that any or a 
combination of multiple processes could have formed the fan 
(glacial, fluvial, pyroclastic).  Samples have been collected 
from the lake fan as a part of ongoing USGS mapping of this area 
and geochemical and petrophysical analysis is currently underway 
to determine the origin of the material within the fan.  
However, high backscatter returns (Figure 4.19) indicate the 
possibility that relatively hard material makes up the surface 
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of the fan, which may further show that volcanic rocks are 
present on the surface.  Darker areas within the backscatter 
intensity map, an indicator of a softer sediment substrate, as 
well as slightly deeper areas in the bathymetric map (Figure 
4.12), possibly depict contemporary fluvial channels fed from 
the Lewis River that are eroding into the fan deposit.  However, 
the present data density makes it impossible to test this 
hypothesis.   
4.6: Geological Interpretation of Lewis Lake 
 Based on the work of Taylor et al. (1989), three major 
stratigraphic units are present at the surface in the Lewis Lake 
area (Figure 4.15).  Integrating the present bathymetric survey 
of Lewis Lake with past work, a generalized geologic map of the 
lake can be produced (Figures 4.16 and 4.17).  The area 
interpreted as the Tuff of Bluff Point (Qpd), an eruption that 
occurred around 170 ka, outcrops in the northern lake shore as 
seen in the geologic map of Taylor et al. (1989) as well as 
reported by Christiansen (2001).  This tuff is not 
hydrothermally conductive (Morgan et al. 2003), and therefore 
this characteristic is used to assume that areas which lack 
hydrothermal activity are comprised of tuffs.  This proposition 
is further constrained by Dobson et al. (2003) who show that 
tuffs do not easily form hydrothermal conduits by which heated 
74 
 
hydrothermal fluid and gas can be transported to the surface.   
The presence of the Tuff of Bluff Point deposit (Qpd) is also 
assumed to extend to the lobate features which finger into the 
central portion of the lake (labeled B in Figures 4.6 and 4.7).   
 
Figure 4.15: Geologic map around Lewis Lake (modified from Taylor et al., 
1989).   
The southern portion of Lewis Lake (Figure 4.2) is 
interpreted as being formed by the rhyolitic deposits of the 
Pitchstone Plateau, which is part of the Central Plateau 
Rhyolitic eruption group (Qpc, Figure 4.15) that erupted 70,000 
years ago.  This interpretation is based on both the presence of 
hydrothermally-altered substrate as well as outcrop mapping 
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(Taylor et al., 1989; Christensen, 2001).  Rhyolites are very 
hydrothermally conductive (Dobson et al. 2003) due to the high 
density of hydrothermal conduits within the rock that allow 
hydrothermal fluid to move to the surface relatively quickly and 
consequently self-seal within as little as 25 years.  These 
conduits are formed within the rhyolite deposits due to a 
relatively higher proportion of endogenous igneous breccias that 
tend to be brittle compared to Yellowstone tuffs (Grindley and 
Browne, 1976).  These breccias easily fracture in the presence 
of hydrothermal pressure and create pathways for hydrothermal 
fluids to move to the surface (Browne and Lawless, 2001). 
  This interpreted rhyolite deposit onlaps onto the central 
section of Lewis Lake and a clear distinction can be made 
between the lobate deposits of northern Lewis Lake (area B, 
Figure 4.6) and the more irregularly-fractured features to the 
south (area D, Figure 4.6).  The center of Lewis Lake (area C, 
Figure 4.6 and 4.7) is interpreted as being dominated by flat-
lying Quaternary lacustrine sediments (Qs) deposited between 
these two large volcanic deposits (Tuff of Bluff Point and the 
Central Plateau rhyolites).  These lacustrine sediments cover 
much of the volcanic deposits in the center portion of the lake 
(Section 4.3 and Figure 4.7), although the underlying volcanic 
rocks can still be observed in both bathymetric and backscatter 
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maps (Figures 4.6-4.8).  The western section of the lake 
contains a large, previously undescribed fan of unknown age and 
origin.  This fan is interpreted herein to be a small 
pyroclastic flow deposit based on ongoing mapping efforts of the 
USGS showing pyroclastic material both in the fan and on shore 
of Lewis Lake (Morgan, 2012 personal communication).  Glacial 
till has also been mapped in the northwestern portion of Lewis 
Lake (Taylor et al., 1989) which, along with sediments from the 
Lewis River, may have deposited sediments on top of this 
pyroclastic flow.   
 When interpretations from each area of Lewis Lake are 
combined with previous outcrop studies, a geological map can be 
prepared for the entire lake (Figure 4.16).  Two separate color 
schemes are used for Qpd to show the two separate events from 
the Tuff of Bluff eruption group.  The interpretation of the 
central portion of the lake as dominated by lacustrine sediments 
is labeled here as Quaternary sediments (Qs).  Areas interpreted 
as rhyolitic lava from the Pitchstone Plateau/Central Plateau 
Rhyolite group are labeled Qpc.  A new nomenclature, Qpf, is 
given to the area of western Lewis Lake, which has been 
interpreted as a pyroclastic flow. 
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Figure 4.16: Geologic interpretation of Lewis Lake combined with mapping 
efforts of Taylor et al. (1989). 
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Figure 4.17: Geologic interpretation of Lewis Lake based on bathymetric, 
backscatter, and previous mapping efforts.   
 
Using these geologic interpretations and outcrop studies as 
well as previous dating, a timeline for the evolution of the 
Lewis Lake area can be made: 
1.  The oldest event (Qpd, Figure 4.17), was the first tuff 
flow to enter the area from the Tuff of Bluff eruption group.  
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This interpretation is based on a lack of hydrothermal vent 
craters in the area marked as “Qpd”, as well as previous outcrop 
work showing Tuff of Bluff Point deposits along the northern 
shore of Lewis Lake. 
2. A second tuff flow from the Tuff of Bluff eruptive group 
(Qpd2, Figure 4.17), was then deposited overlapping the original 
Tuff of Bluff flow.  The eruptions of the Tuff of Bluff Point 
(Qpd as well as QPD2, Figure 4.17) occurred between 170 and 150 
ka.   
3. Based on geomorphic interpretations and previous outcrop 
work, the rhyolitic Pitchstone Plateau eruption, labeled “Qpc”, 
was deposited into the southern portion of the lake area 
approximately 70 ka.  These deposits have since been altered by 
hydrothermal activity especially present in the southern portion 
of Lewis Lake (area A, Figure 4.2).   
4. A previously unmapped fan deposit, labeled “Qpf”, which 
is interpreted herein as a pyroclastic flow, was deposited into 
the lake on top of these previous volcanic events.  This flow 
must have occurred since the 70 ka Pitchstone Plateau eruption.  
This pyroclastic flow can be traced from the edge of 
northwestern Lewis Lake into the Lewis River valley (Morgan, 
personal communication).  Since the deposit of this pyroclastic 
flow, younger Quaternary processes such as glacial and fluvial 
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sedimentation may have contributed sediments to this fan shaped 
deposit.   
5. Since these volcanic events, glacial, fluvial and 
lacustrine process have acted upon the lake and deposited 
sediments into the lake (Qs, Figures 4.15-4.17), evidenced by 
Quaternary fluvial/lacustrine sediments as well as glacial till 
mapped around the lake by Taylor et al. (1989) and Christiansen 
(2001).  These sediments are from a combination of glacial 
outwash sedimentation, fluvial deposits from the Lewis River and 
lake deposits caused by higher water levels.   
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CHAPTER 5 
BATHYMETRIC AND HYDROLOGIC CHARACTERISTICS OF 
THE INFLATED PLAIN 
5.1. Inflated Plain Bathymetry 
  The “Inflated Plain” is an area in north-central 
Yellowstone Lake (Figure 5.1) that is roughly 35 m above the 
surrounding bed at its maximum elevation, and has dimensions of 
600 m in the east-west direction and 450 m in the north-south 
direction.      
 
Figure 5.1:  Location of the Inflated Plain within Yellowstone Lake, 
Yellowstone National Park.   
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Figure 5.2 shows that the Inflated Plain is characterized 
by many depressions covering the surface of the lake bed, the 
largest of which (A, Figure 5.2), is roughly circular, and is 75 
m in diameter and 10 m deep.  A size distribution of these 
depressions (Figure 5.3) was made by measuring the 36 
depressions in the area that possessed clearly-defined 
boundaries.  This area is defined by its relative bathymetric 
height, roughly 20 m above the surrounding lake bed.
 
Figure 5.2:  Bathymetry of the Inflated Plain, Yellowstone Lake.  
 The eastern, southern, and western margins of the Inflated 
Plain are dominated by many depressions, which range in area 
from 11 m
2
 to 1275 m
2
, with a majority being smaller than 50 m
2
.   
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Figure 5.3:  Distribution of the areas of depressions within the Inflated 
Plain section of Yellowstone Lake with the largest proportion of depressions 
being less than 50 m2. 
 Figures 5.4a and 5.4b shows a two dimensional cross-
sectional profile of the bathymetry of the Inflated Plain.  The 
location of this two-dimensional profile was chosen as it 
extends from the deeper lake bed onto the bathymetrically 
shallower Inflated Plain.  This profile (Figure 5.4a) shows a 
much steeper face on the western side (~18°) of the Inflated 
Plain as compared to the eastern side (~6°).  The profile also 
shows the size of three larger depressions in the area (B, C and 
D, Figure 5.4B).   
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Figure 5.4:  10x vertically-exaggerated profile of the Inflated Plain.  The 
location of this transect (A-A’) is shown in Figure 5.4a.  A much higher 
slope, between 14 and 18 degrees, is seen on the western side of the Inflated 
Plain.  Depressions shown as B, C, and D are larger depressions in the 
Inflated Plain.  
 
Figure 5.5 shows the backscatter values of the Inflated 
Plain.  In general the backscatter values of the Inflated Plain 
are much higher than the surrounding lakebed, likely due to 
recent and continuous uplift.  This hydrothermal uplift 
decreases accommodation for sediments and likely inhibits the 
steady deposition of lacustrine sediments seen in the southwest 
corner of Figure 5.5.  In the western portion of the Inflated 
A 
A’ 
A A’ 
B 
C 
D 
200 m 
N 
D
e
p
t
h
 
(
m
)
 
Distance (m) 
B 
C 
D 
a 
b 
85 
 
Plain (Area A, Figure 5.5) hydrothermal features are less 
reflective than those in the eastern portion of the area (Area 
B, Figure 5.5).  This likely indicates that the hydrothermal 
features in the eastern portion of the survey area are either no 
longer active or are less active than those in the western 
portion, and can no longer clear sediments deposited into the 
respective hydrothermal craters. 
 
Figure 5.5:  Backscatter image of the Inflated Plain.  
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A map of the local slope of individual areas of the 
Inflated Plain (Figure 5.6) confirms the general trend of 
steeper slopes (14-18°) on the western edge of the Inflated 
Plain.  Figure 5.6 also shows the very high slopes of the 
depressions in the area, with the greatest slope values (59°) 
seen in a depression in the southeast section of the Inflated 
Plain.  
The slope map (Figure 5.6) also clearly displays individual 
craters as well as the different slopes between different edges 
of the Inflated Plain.  These craters are focused on the 
eastern, western and southern edges of the Inflated Plain.  
 
Figure 5.6:  Slope map of the Inflated Plain area of Yellowstone Lake.  Slope 
values in the color bar are in degrees.  Steeper slopes are present on the 
western edge of the Inflated Plain while values as high as ~60 degrees 
(colored in white) are seen within some depressions. 
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5.2 Synthesis: Interpretation of the morphology 
of Inflated Plain. 
Depressions within the Inflated Plain of Yellowstone Lake 
are interpreted as hydrothermal craters formed by the release of 
hydrothermal fluid and gases, as shown by Morgan et al. (2003) 
who confirmed hydrothermal activity using ROV images and seismic 
data.  Such hydrothermal eruptions are followed by local lake 
bed subsidence as these fluids are released (Brown and Lawless, 
2011).  Dobson et al. (2003) showed that the most 
hydrothermally-conductive rocks in Yellowstone National Park are 
rhyolitic lava flows that allow rapid rise of hydrothermal 
fluids due to the creation of conduits within the rhyolites in 
the presence of underlying pressure (Section 2; Figure 2.9).  
The presence of these rhyolites in the survey area was 
previously noted by Christiansen (2001) and described on the 
lake bed by Morgan et al. (2003).  
The profile and slope maps (Figures 5.8 and 5.6) show 
higher slopes on the western edge of the Inflated Plain.  This 
asymmetric slope is interpreted to be a result of the rise of 
hydrothermal fluids through the rhyolitic cap rock, causing 
these rocks to bulge above the surrounding lake bed (Ellis et 
al., 2007).      
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Morgan et al. (2003) described the Inflated Plain based on 
multibeam surveys undertaken between 1999 and 2002.  Their study 
identified a northeasterly trend in hydrothermal inflation 
features including the Storm Point dome dated at 4 to 6 ka, and 
the Indian Pond explosion crater dated at 3 ka.  These features 
are part of a larger trend called the Weasel Creek trend 
identified by Dzurisin et al. (1994) as a fissure system created 
by inflation and deflation of the Yellowstone Caldera (Figure 
5.7).  This system of fissures allows hydrothermal fluids to 
rise more easily to the surface, explaining the multitude of 
features along this trend, including expulsion features such as 
the Stephenson Island expulsion chain and the Inflated Plain, 
along with large hydrothermal explosion craters such as Elliot’s 
Crater, Indian Pond crater, and Storm Point crater.  
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Figure 5.7:  Location of the Weasel Creek hydrothermal eruption trend.  
Figure modified from Morgan et al. (2003). 
5.3 Identification and Quantification of Active 
Hydrothermal Vents in the Inflated Plain 
During surveying of the Inflated Plain, a collection of 
returns were observed in the water column measuring 35 m in 
height and 18 to 20 m in width.  These water column returns 
formed a nearly cylindrical shape and emanated from a depression 
(depression A, Figure 5.2). This feature within the water column 
is interpreted to be gas bubbles emanating from a large 
hydrothermal vent within this crater in the Inflated Plain.  
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During surveying, bubbles were also seen on the surface above 
this vent along with the smell of hydrogen sulfide (Figure 5.8).  
Coupled with these field observations, hydrothermal activity was 
noted from this crater during the surveys of Morgan et al. 
(2003).  Multibeam surveying shows this crater (A, Figure 5.2) 
is 75 m in diameter and roughly 10 m deeper than the surrounding 
lake bed.  Because acoustic returns were noted in the water 
column emanating from this feature, efforts were thus devoted to 
water column surveying within the area.  During this surveying 
period, 31 minutes of multibeam water column data were captured 
whilst the acoustic swath was over the plume, capturing a total 
of 115,542 acoustic returns within the water column (Figure 
5.9). 
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Figure 5.8: Bubbles on the surface of Yellowstone Lake above depression A 
(Figure 5.2) of the Inflated Plain. 
Using the interpretation of these sonar returns, as well as 
the assumption that individual returns represent individual gas 
bubbles within this hydrothermal plume, a simple quantification 
for the volume and flux of the hydrothermal gas emitted can be 
made.  This scheme calculates simple properties of this 
hydrothermal vent to estimate the magnitude of this lake bed 
degassing, and their relative size as compared to measured 
hydrothermal eruptions on land. 
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Figure 5.9: Three-dimensional view of the water column acoustic returns and 
depression A in the Inflated Plain, Yellowstone Lake.   
This hydrothermal plume is roughly 35 m tall, 18-20 m wide 
and with a total columnar volume of 14,496 m
3 
(Figure 5.10).  The 
gas plume contains 115,542 individual acoustic returns, each of 
which is considered to be an individual bubble within the water 
column.   
 
10 m Water column 
returns 
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Figure 5.10:  Water column data combined with bathymetry of depression A in 
the Inflated Plain, as viewed towards the southeast.   
 
 The gas flux estimates for this plume were calculated as 
follows: 
1. A total volume of the plume was calculated using the 
volumetric calculator within Fledermaus™ using edited data, 
yielding a total volume of 14,496.73 m
3 
using the gridded volume 
within the program. 
2. The total number of bubbles during the survey period (31 
minutes of total acoustic surveying) was assumed to be given by 
the total number of returns within the water column that yielded 
115,542 water column returns. 
35 m 
18-20 m 
Water column returns 
interpreted as bubbles 
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3. An average bubble radius was assumed based on visual 
observations to be 0.25 cm.  Additionally, a range of average 
values was used to provide a realistic range of radii from 0.01 
cm to 1 cm.  This range yields a total gas volume of 0.48 to 480 
liters. For the estimated average bubble radius of 0.25 cm, a 
total gas volume of 120 L is estimated. 
4. The rate of discharge was calculated by dividing the total 
gas volume by the survey time (31 minutes).  This yields a rate 
between 0.98 and 980 L hr
-1
 or 23.5 and 23,523 L day
-1
, and for 
the 0.25 cm average bubble size yields 245 L hr
-1
 or 5,881  
L day
-1
. 
5.  For vents in Yellowstone National Park, CO2 contributes a 
large majority of gases emitted from hydrothermal vents (Werner 
et al. 2008).  Using this assumption, the approximate mass of 
gas coming out of this hydrothermal vent can be calculated as 
being between .0019 and 1.94 kg hr
-1
, or between 0.046 and 46.501 
kg day
-1 
(0.485 kg hr
-1
 or 11.63 kg day
-1 
for the 0.25 cm bubble 
base case).  
6. This gas mass flux rate can also be normalized for area by 
using the basal plume area, yielding a normalized value for this 
vent of 0.72-726.6 g m
-2
 day
-1 
(or 181.7 g m
-2
 day
-1 
for the 0.25 cm 
base case).  
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 Although no system is in place to measure gas fluxes from 
individual craters within Yellowstone National Park (Lowenstern 
et al., 2006), estimates of gas flux obtained here can be 
compared to other degassing vents.  Fumaroles measured in the 
Azores, Central Atlantic Ocean, discharge 250-530 g m
-2
 day
-1
 of 
mainly CO2 gas (Ferreira et al., 2005), a value similar to that 
estimated here for the Inflated Plain.  Some vents, such as the 
Umbertide gas vent in Italy, discharge upwards of 15,000 kg of 
CO2 per day (Rogie et al. 2000), well beyond the discharge 
estimated for the Inflated Plain.  Hydrothermal vents on the 
Juan de Fuca ridge have been shown to discharge nearly 700,000 
kg of hydrothermal fluid per day (Stein and Fisher, 2001), 
whilst black smoker vents in the Pacific Ocean typically 
discharge nearly 6.5 million kg of hydrothermal fluid and gas 
per day (Cann and Strens, 1989), more than 5 orders of magnitude 
larger than the gas flux estimates in the Inflated Plain.   
  Although the method outlined herein contains several inherent 
simplifications and inaccuracies, it does provide a simple 
estimation of gas flux from hydrothermal vents that could be 
calibrated in the field to both present a quantitative method of 
hydrothermal vent identification and a semi-quantitative 
monitoring technique.  These vents could be crucial in 
understanding current volcanic activity in the area and 
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evolution of smaller-scale caldera dynamics (Smith et al. 2013).  
These simple methods could also be employed to measure other 
types of degassing in other environments, such as methane seeps 
or industrial incidents.  The true power of this method is that 
it allows for simple rate calculations with very limited field 
time, in that all data used herein to calculate these rates was 
collected in only 31 minutes of cumulative MBES surveying.  
Using MBES technology paired with real time kinematic GPS 
corrections also allows for easy resurveying and comparisons 
over time.  In Yellowstone National Park and its many lakes, 
this could be applied in geohazard assessments in hydrothermally 
and volcanically active areas, as repeat surveys would allow 
comparison of degassing activity over time. 
 However, some issues and inaccuracies exist with this 
method.  Firstly, the quantification scheme requires precise 
knowledge of gas bubble size.  For this survey, the only 
estimate was made based on visual observations from the vessel 
(Figure 5.8), which does not provide an accurate size 
distribution.  It is also unknown whether all bubbles within the 
plume were imaged, or if gas bubbles on the outside of the plume 
were imaged preferentially as soundings are refracted.  This 
effect could be caused by a washout effect, where the acoustic 
impedance of the individual gas bubble is so high that the 
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entire signal is bounced back, with no energy penetrating into 
the plume.  The use of underwater cameras has long been used to 
measure plume and gas bubble size (Sauter et al. 2006), which 
could be used to better constrain these calculations.  Although 
this may provide more accurate values for bubble diameter, more 
research is required to provide more accurate quantitative 
estimates, i.e. to understand the true nature of acoustic 
propagation through a bubble plume and the bubble density at 
which soundings may not penetrate.   
 It is also unknown whether individual bubbles within the 
plume are pinged multiple times during surveying.  If they are, 
this would increase the predicted discharge from the 
hydrothermal vent.  CO2 has a known rate of rise of around 0.2 m 
s
-1
 in water (Talaia, 2007); meaning a single bubble would 
undoubtedly be pinged as many as 2 to 3 times over the course of 
the survey. This could be addressed with a more comprehensive 
data collection plan in which transects are only taken when 
enough time has passed for bubbles from the bottom of the plume 
to be transported to the surface, or by anchoring the vessel to 
the bottom and measuring at a single point, allowing for 
tracking of individual bubbles and quantification of bubble rise 
rates.   
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 One way to account for this error is to take instantaneous 
ping “gathers” and extrapolate to the volume of the plume.  By 
using the same method outlined herein, an instantaneous gas 
volume for an individual ping gather could be calculated by 
taking the instantaneous water column ping volume.  The number 
of pings within a gather is assumed to be bubbles within a 
single time slice, whilst the sum of these is assumed to be an 
instantaneous volume.  Along with this, an instantaneous plume 
volume of individual time slices can be calculated by gridding 
the area around individual ping gathers.  Using these data, a 
function could be made to calculate the instantaneous number of 
bubbles in the water column.  Because of the uncertainty in the 
distribution of bubbles within the plume from center to the 
outer portion of the plume, only slices which completely bisect 
the plume were used in order to obtain a complete cross-section 
from which to extrapolate in order not to bias the estimation.   
 To do this, ping gathers from single transects were 
examined over the plume and a volume of the individual plume 
slice was taken.  The number of points (considered to be 
bubbles, similar to the assumption made for the total plume 
calculations) was used to then linearly extrapolate to the total 
volume of the original plume using the individual time slice 
total volume (Figure 5.11).    
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Figure 5.11: Slice testing results compared to the original number of pings 
from initial total plume volume calculation. 
This comparison shows a generally close agreement from the 
extrapolated point count to that of the original survey, 
although in general the slice testing computes fewer total pings 
than is seen in the total number of pings from the survey.  This 
may be due to the issue of multiple pings of individual bubbles 
within the water column discussed above.  However another 
potential issue is seen in line 210320, which over-estimates the 
total number of pings by more than a factor of 2.  This ping 
gather cross-cuts the plume in an oblique manner, causing a 
greater coverage of the outside portion of the plume.  This 
overestimation may be due to either a greater density of bubbles 
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in the outer portion of the plume, or that individual pings did 
not fully penetrate the plume, and thus did not fully capture 
bubbles within the mid-portion of the plume.   
 Using this slice testing, a more comprehensive gas volume 
range can be computed.  Using the extrapolated percentages from 
the slice testing, new ranges for the calculations done herein 
can be made (Figure 5.11). 
 Total Number 
of Pings 
(Extrapolated) 
Total Gas 
Volume (L) 
Discharge (L 
hr-1) 
Mass Flux (kg 
hr-1) 
Lower Range 
(Slice Test) 
23931 24.9 50.7 0.101 
Slice Test 
Average 
100522 104.4 213.2 0.422 
Total Survey 
Calculations 
115542 120 245 0.485 
High Range 
(Slice Test 
314937 327.1 667.8 1.32 
Table 5.1: Calculated ranges of gas volume based on slice testing. 
 The results of the slice testing opens up a larger range of 
potential values, although these values are only marginally 
different than those calculated for the total plume, and mass 
flux rates are still similar to values seen at other fumarole 
locations in the Azores (Ferreira et al., 2005). 
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5.4 Summary 
The Inflated Plain is a hydrothermally-active area in 
northern Yellowstone Lake that is “inflated” by hydrothermal 
pressure to ~35 m above the surrounding lake bed.  Multibeam 
investigation of this area has revealed large depressions in the 
area which are interpreted as hydrothermal craters that range in 
area from less than 50 m
2
 to more than 1000 m
2
.  These large 
hydrothermal craters are thought to be created due to water 
being heated in the subsurface by the Yellowstone Hotspot, which 
then chemically reacts with surrounding rock as it moves through 
cracks formed in the rhyolitic cap rock, forming CO2, H2S and 
other trace gases.  Active degasing was observed in one of these 
hydrothermal craters, and an acoustic investigation within the 
water column showed individual bubbles rising through the water 
column.  This data was used to quantify gas flux rates out of 
this crater using an estimate of bubble diameter, and yielded a 
flux of 181.7 g m
-2
 day
-1 
of CO2 being discharged from the 
hydrothermal vent.  This is similar to rates seen in another 
hotspot vent in the Azores (250-530 g m
-2
 day
-1)
.  However, this 
vent is dwarfed by other vents including the Umbertide gas vent 
in Italy and oceanic black smokers. 
Inherent errors in this method include the possibility of 
pinging single bubbles multiple times during the course of the 
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survey, as well as the potential shadowing of bubbles in the 
central portion of the plume.  To test the potential range of 
values, individual ping gathers, or slices, through the plume 
were taken from individual lines and extrapolated to the total 
volume of the plume.  This testing indicated a potential range 
of gas discharges from the vent of 50.7-667.8 L hr
-1
.  This range 
accounts for the potential errors made during surveying, but is 
still in a range similar to values seen in hot spot vents in the 
Azores (Ferreira et al., 2005).  The acoustic detection of 
degassing shown herein, despite possessing several inherent 
simplifications and inaccuracies, has been shown to be capable 
of detecting regions of active degassing and to provide 
reasonable estimates of gas flux in a subaqueous environment.  
This method shows considerable potential in other applications, 
such as industrial incidents or monitoring hydrothermal activity 
in Yellowstone National Park through repeat surveys. 
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CHAPTER 6 
BATHYMETRIC CHARACTERISTICS OF ELLIOT’S CRATER 
6.1 Introduction 
 The area known as Elliot’s Crater is a large depression in 
the northeast corner of Yellowstone Lake (A, Figure 6.1).  This 
depression measures roughly 800 m wide and 1000 m long and is 
roughly 28-60 m deeper than the surrounding lake bed (B, Figure 
6.1).   
 
Figure 6.1: Location and bathymetric map of Elliot’s Crater, Yellowstone 
Lake. 
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6.2: Bathymetric Characterization 
36 individual depressions are clearly recognizable inside 
the larger depression, ranging in area from 89 m
2
 to over 5000 m
2
 
(Figure 6.2).  The majority of these smaller depressions are 
between 100 and 500 m
2
.   
 
Figure 6.2: Depression area distribution coupled with cumulative percentage 
of depression area.   
 
 A transect of the area (Figure 6.3) shows the depression is 
relatively steep sided.  Also captured in this map are two 
depressions inside the larger depression (A, Figure 6.3) that 
are distinctly different to the larger depression.  These 
smaller depressions are roughly triangular, or cone shaped, with 
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areas of high roughness near the bottom.  The larger depression 
has a generally smooth bottom and a more “boxy” shape.  The side 
walls of the large depression are also noticeably different in 
height and shape (Figure 6.3), with the northern wall being less 
steep and roughly 10 m shorter (A’) than the southern wall (A) 
that is steeper-sided and higher.   
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Figure 6.3: Location map with two-dimensional profile of Elliot’s Crater.  
Two-dimensional profile is 12x vertically exaggerated. 
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6.3: Interpretation 
This area is interpreted as being a large hydrothermal explosion 
crater.  Other large explosion craters in the area, such as 
Mary’s Bay and Indian Pond, have been mapped in the area and the 
Elliot’s Crater area has been mapped by Morgan et al. 2003, who 
showed explosion debris and geomorphic similarities between 
other explosion craters in the area.  However, the higher 
resolution mapping (Figure 6.2; Figure 6.3) have revealed a 
multitude of smaller, geomorphically-different depressions 
within the larger crater.  These smaller depressions are 
interpreted as hydrothermal expulsion features, some of which 
may be active and others may be inactive.  Seismic surveying 
(Figure 6.4) has shown active degassing in this area, which 
leads to the creation of the smaller craters in the area. 
 
Figure 6.4: Seismic reflection profile from Elliot’s Crater showing areas of 
degassing as well as possible structural controls on venting areas.  Modified 
from Morgan et al. (2003). 
  These hydrothermal features are focused in the western and 
southern edge of the larger crater.  A similar trend is seen in 
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Section 5 (Figure 5.6; Figure 5.7) of hydrothermal expulsion 
features focused on the steeper edge of larger hydrothermal 
features.  There may be structural controls related to the 
internal plumbing of volcanic deposits in the northern section 
of the lake.  Large rotated blocks on the western edge of 
Elliot’s Crater may play an important role in how hydrothermal 
fluids are transported to the surface (Figure 6.4; Morgan et al. 
2003); however, not enough is known about the area to make any 
definitive conclusions.   
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CHAPTER 7 
BATHYMETRIC CHARACTERISTICS OF THE 
STEPHENSON ISLAND DEPRESSION CHAIN 
7.1: Introduction 
Adjacent to Stephenson Island in Yellowstone Lake, a large 
chain of depressions exist in what is known to be the deepest 
part of the lake (Figure 7.1).  This depression chain is roughly 
linear with depressions getting generally larger and more 
numerous to the southeast.   
 
Figure 7.1: Location and bathymetric map of the depression chain just east of 
Stephenson Island, Yellowstone Lake. 
7.2: Bathymetric Characteristics 
N 
10 km N 
Stephenson Island 
110 
 
 Of the 61 clearly definable depressions measured in this 
area of Yellowstone Lake, the majority are over 1000 m
2
 in area, 
the most skewed of any area seen during this bathymetric survey 
(Figure 7.2).  Also of note is the very small proportion of 
small depressions (less than 50 m
2
).   
 
Figure 7.2: Depression area distribution coupled with cumulative percentage 
of depression area.   
A profile across the largest of these depressions (Figure 7.3) 
shows sharp, v-shaped depressions surrounding the largest 
depression, nearly 120 m in water depth.  This larger depression 
has a general V-shape, with some smaller potential depressions 
at the base.   
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Figure 7.3: Profile of largest depression in the chain of depressions east of 
Stephenson Island, Yellowstone Lake. 
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7.3: Interpretation 
 It is known that this area of depressions sits on a large 
graben trend related to the continued uplift of the modern 
Yellowstone Caldera (Figure 7.4; Morgan et al. 2003).  This 
large depression chain is interpreted to be a very active area 
of hydrothermal discharge related to this graben, which may form 
large fissures in the lake bed, allowing for the rapid rise of 
hydrothermal fluids and gasses (Bachler et al. 2003).   
 
Figure 7.4: Fissures associated with a Graben southeast of Stevenson Island.  
Modified from Johnson et al. 2003.  
ROV studies by Morgan et al. (2003) measured hydrothermal 
fluids emanating from this area with a temperature of over 120° 
C, indicating this material is closer to the source that heats 
these hydrothermal fluids and/or is able to rise much more 
quickly through the lake bottom, thus giving less cooling time 
as it rises.  The rapid rate at which this hydrothermal fluid 
rises may explain the large size of the craters as well, leading 
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to rapid swelling and expulsion, followed by large-scale 
collapse into the modern craters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
114 
 
CHAPTER 8 
Summary and Conclusions 
The shape of the Earth’s surface is a result of a complex 
interplay between processes which erode and/or build the 
landscape (Phillips, 2004).  Volcanic processes are perhaps the 
most complex geomorphic agents as they both erode and create new 
land simultaneously within an individual catchment (Thouret, 
1999).  The Yellowstone Hotspot retains the potential for violent 
events including magmatic, hydrothermal and tectonic activity 
(Christiansen, 1984).  Although it is unknown when the next 
volcanic event will occur in Yellowstone National Park these 
events could affect continental-wide areas in extremely violent 
cases (Christiansen et al. 2007). 
Improved mapping to understand the extent of previous 
events, as well as a better insight into modern processes, is 
needed to comprehend future potential risks of the Yellowstone 
caldera. One of the best tools available for mapping both 
hydrothermal features, as well as past volcanic events, within 
the lakes of Yellowstone is through using multibeam 
echosounding.  Using this technology, coupled with previous work 
in Yellowstone National Park, has shown potential for both 
mapping the extent, morphology, and characteristic of previous 
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eruptive events, as well as characterizing active processes 
within the park.   
Within Lewis Lake, geologic interpretations based on 
multibeam bathymetry and backscatter intensity coupled with 
outcrop studies and previous geochronology, a timeline for the 
evolution of the Lewis Lake area has been made. 
The oldest event (Qpd, Figure 4.17), was the first tuff 
flow to enter the area from the Tuff of Bluff eruption group.  
This interpretation is based on a lack of hydrothermal vent 
craters in the area marked as “Qpd”, as well as previous outcrop 
work showing Tuff of Bluff Point deposits along the northern 
shore of Lewis Lake.  A second tuff flow from the Tuff of Bluff 
eruptive group (Qpd2, Figure 4.17), was then deposited 
overlapping the original Tuff of Bluff flow.  The eruptions of 
the Tuff of Bluff Point (Qpd as well as QPD2, Figure 4.17) 
occurred between 170 and 150 ka.  Based on geomorphic 
interpretations and previous outcrop work, the rhyolitic 
Pitchstone Plateau eruption, labeled “Qpc”, was deposited into 
the southern portion of the lake area approximately 70 ka.  
These deposits have since been altered by hydrothermal activity 
especially in the southern portion of Lewis Lake (area A, Figure 
4.2).  A previously unmapped fan deposit, labeled “Qpf”, which 
is interpreted herein as a pyroclastic flow, was deposited into 
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the lake over these previous volcanic events.  This flow must 
have occurred since the 70 ka Pitchstone Plateau eruption.  This 
pyroclastic flow can be traced from the edge of northwestern 
Lewis Lake into the Lewis River valley (Morgan, personal 
communication).  Since the deposit of this pyroclastic flow, 
younger Quaternary processes such as glacial and fluvial 
sedimentation may have contributed sediments to this fan shaped 
deposit.  Since these volcanic events, glacial, fluvial, and 
lacustrine process have acted upon the lake and deposited 
sediments into the lake (Qs, Figures 4.15-4.17), evidenced by 
Quaternary fluvial/lacustrine sediments as well as glacial till 
mapped around the lake by Taylor et al. (1989) and Christiansen 
(2001).  These sediments are from a combination of glacial 
outwash sedimentation, fluvial deposits from the Lewis River and 
lake deposits caused by higher water levels.   
The Inflated Plain, Yellowstone Lake, has proven to be a 
hydrothermally-active area that is “inflated” by hydrothermal 
pressure to ~35 m above the surrounding lake bed.  Multibeam 
investigation of this area has revealed large depressions in the 
area which are interpreted as hydrothermal craters that range in 
area from less than 50 m
2
 to more than 1000 m
2
.  These large 
hydrothermal craters are thought to be created due to water 
being heated in the subsurface by the Yellowstone Hotspot, which 
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then chemically reacts with surrounding rock as it moves through 
cracks formed in the rhyolitic cap rock, forming CO2, H2S and 
other trace gases.  Active degassing was observed in one of 
these hydrothermal craters, and an acoustic investigation of the 
water column showed individual bubbles rising through the water 
column.  This data was used to quantify gas flux rates out of 
this crater using an estimate of bubble diameter, and yielded a 
flux of 181.7 g m
-2
 day
-1 
of CO2 being discharged from the 
hydrothermal vent.  This is similar to rates seen in another 
hotspot vent in the Azores (250-530 g m
-2
 day
-1)
.  However, this 
vent is dwarfed by other vents including the Umbertide gas vent 
in Italy and oceanic black smokers. 
Other areas within Yellowstone Lake, such as Stephenson’s 
Island and Elliot’s Crater, have shown the presence of larger 
scale hydrothermal events.  At Elliot’s Crater, a large, 40-60 m 
deep depression is the remnant of a large hydrothermal 
explosion.  Multibeam mapping in the area has revealed smaller 
scale craters likely related to more modern hydrothermal 
expulsion in this area.   
Adjacent to Stephenson Island in Yellowstone Lake, a large 
chain of depressions exist in what is known to be the deepest 
portion of the lake.  Multibeam mapping in this area revealed 61 
clearly definable depressions, of which the majority are over 
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1000 m
2
.  This area of depressions sits on a large graben trend 
related to the continued uplift of the modern Yellowstone 
Caldera (Figure 7.4; Morgan et al. 2003).  This large depression 
chain is interpreted to be a very active area of hydrothermal 
discharge related to this graben, which may form large fissures 
in the lake bed, allowing for the rapid rise of hydrothermal 
fluids and gasses.  
These mapping efforts have improved the understanding of 
previous caldera eruptions and their extent within Yellowstone 
National Park, shown the potential of MBES as a tool for 
quantifying gas flux from subaqueous hydrothermal vents, and has 
been used to map the morphology of large-scale hydrothermal 
features within Yellowstone Lake.   
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